Previous studies in Melanesians of Papua New Guinea have documented low serum cholesterol concentrations with no age-related rise and a virtual absence of coronary heart disease. However, because of recent reports of the emergence of coronary heart disease in this population, serum lipid concentrations in adults aged a25 years in three coastal (n = 1,489) and three highland (n = 388) village communities at different stages of modernization were examined as part of a survey undertaken in 1991. Total cholesterol concentrations were clearly higher than were levels recorded in earlier studies. Moreover, age-related increases in total cholesterol, low density lipoprotein cholesterol (LDL cholesterol), high density lipoprotein cholesterol (HDL cholesterol), and triglycerides (in women) were apparent. Mean total cholesterol levels in an urban community with a high risk of diabetes were similar to those observed in Australians, while HDL cholesterol concentrations were lower. Total cholesterol and LDL cholesterol levels were higher in urban coastal and penurban highland subjects than in their rural counterparts. Prevalence of hypercholesterolemia (&5.2 mmol/liter) varied from 16% in rural highlanders to 56% in urban coastal subjects. Sex, age, village, body mass index, fat distribution, glucose intolerance, physical activity, and an index of relative modernity all contributed to variations in cholesterol and triglyceride concentrations. These results show that Papua New Guineans are by no means protected from dyslipidemia and serve warning that, unless effective preventative strategies can be developed, this and similar rapidly developing populations can expect an increasing incidence of coronary heart disease.
High concentrations of total cholesterol, low density lipoprotein cholesterol (LDL cholesterol), and triglycerides and low levels of high density lipoprotein cholesterol (HDL cholesterol) are associated with an increased risk of coronary heart disease (1-3). In populations having traditional lifestyles, including low fat diets and high levels of habitual physical activity, lipid levels are generally low and do not increase with age (4, 5) as observed in Western populations (6, 7) . Studies among the Melanesian populations of Papua New Guinea have to date invariably reported low serum cholesterol concentrations (7) (8) (9) (10) , even when urban-living civil servants and a group with a high prevalence of obesity and non-insulin-dependent diabetes mellitus (NIDDM) were examined (11) .
Modernization of the lifestyle in Papua New Guinea has taken place predominantly since World War II, with the greatest change in the highland region occurring only in the past 20 years. In Papua New Guinea highland populations, studies have shown low cholesterol but relatively high triglyceride levels, with the latter attributed to high carbohydrate diets (8, 10) . Cases of coronary heart disease, formerly rare, have been reported with increasing frequency in Papua New Guinea over the last 10 years (12, 13) , suggesting that cardiovascular risk factor levels, including serum lipids, must be worsening. To investigate this possibility, we determined levels of serum lipids in both urban and rural Melanesian communities from coastal and highland regions of Papua New Guinea during a population-based health survey performed in 1991. We report here the results of this study, comparing current lipid concentrations with those previously observed, and examine associated factors.
MATERIALS AND METHODS

Background
Papua New Guinea, an independent country to the north of Australia, is home to around 4 million Melanesian people. Those in coastal areas have been in contact with Europeans for over 100 years, but more isolated populations in the highlands have had European contact only since the 1930s, resulting in differing degrees of modernization between communities.
The survey was performed during August and September of 1991, and all adults aged ^25 years who normally resided in three coastal and three highland village locations, as determined by door-to-door census, were eligible to participate (14, 15) . On the coast, 750 subjects from Koki (an urban squatter settlement of the capital city, Port Moresby), 198 subjects from Kalo (about 135 km southeast of Port Moresby), and 541 subjects from Wanigela village (200 km southeast of Port Moresby on the Marshall Lagoon) were surveyed. The Koki subjects were migrants from rural Wanigela. The highland subjects came from the Asaro Valley area near the town of Goroka: 200 from the periurban village of Masilakaiufa and 188 from the rural villages of Gimisave and Gamusi, which have been combined in the current analyses. The degree of modernization varied among the villages. The residents of Koki relied on cash income from business or employment, while the residents of Kalo and Wanigela retained a more traditional lifestyle with diets based on fish and starchy staples, supplemented with store foods. Of the highland communities, the residents of Gamusi and Gimisave were primarily subsistence farmers, with some cash derived from sales of crops, while many Masilakaiufa residents were in paid employment, and villagers in general enjoyed greater access to store goods via proximity to the town of Goroka. Further details of the lifestyles in each village can be found elsewhere (14, 15) . Locations are indicated in figure 1 . The age range of the subjects included in the study was 25-88 years.
Procedure
Full details of the survey procedure are described by Dowse et al. (14) . Briefly, about 120 subjects were invited to attend a convenient survey site each moming after an overnight fast. In the coastal area, fasting blood samples were collected from subjects prior to a 75-g oral glucose tolerance test and used for the lipid measurements. Fasting samples were not taken from subjects in the highlands, and lipids were measured in the 2-hour samples following the oral glucose tolerance test. Plasma for glucose measurement was separated immediately, and glucose levels were determined using a YSI glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, Ohio). Glucose tolerance was classified according to World Health Organization criteria (16) . Serum was separated on site and frozen before transport to the Port Moresby General Hospital where concentrations of triglycerides, HDL cholesterol, and total cholesterol were measured using a Technicon RA-1000 autoanalyzer (Technicon Instruments Corporation, Tarrytown, New York). The hospital is a member of the Wellcome external quality assurance scheme. The concentration of LDL cholesterol was estimated using the Friedewald formula (17) , as LDL cholesterol = total cholesterol -HDL cholesterol -total triglycerides/2.19 mmol/liter, where triglycerides are ^4.5 mmol/liter. Hypercholesterolemia was defined at two levels (5.2-6.4 and S6.5 mmol/liter), and hypertriglyceridemia was defined as a level >2.3 mmol/liter (18) .
Body mass index was calculated as weight (kg)/ height (m) 2 . Waist and hip circumferences were measured in duplicate, and the means were used to calculate the waist/hip circumference ratio. Questionnaire information was collected by two trained observers using precoded survey forms. Wanigela or Motuan languages were used on the coast, and Melanesian pidgin was used in the highlands. The development of the modernity score has been described in detail by King and Collins (19) . The score was based on seven questions (one with two parts) worth up to five points each, giving a maximum of 40 points, plus another possible five points for a spouse increment (or increment based on own score if single). The higher the score, the more modern the individual. The score for area of origin contained two elements worth five points each. Koki was given the maximum score of 10, for 80-100 years of contact with government and being within 1 hour of an urban center (Port Moresby); Masilakaiufa received a score of 8; Kalo and Gimisave were given scores of 7; and Wanigela and Gamusi received a score of 6. The remaining questions considered educational level, type of employment, period of employment, number of years in an urban center, father's employment, and type of housing. Physical activity was also graded on a four-level scale: 1, sedentary (e.g., house-bound and office workers); 2, light (e.g., sales, housework); 3, moderate (e.g., trades workers, "flat" gardening); 4, heavy (e.g., "hill" gardening, laborers, regular aerobic sports). In some analyses, it was categorized as high (levels 3 and 4) versus low (levels 1 and 2).
Statistical analyses
Age-standardized prevalence and associated 95 percent confidence intervals were calculated by the direct method, using the entire survey population as standard (20) . Differences between means for each location were assessed by analysis of variance for normally distributed variables, and differences between medians of physical activity and the modernity score were assessed by the Kruskal-Wallis analysis of variance, using SPSS PC+ software (21) . Log 10 transformation was used to normalize the distribution of triglyceride concentrations.
Tertiles of the body mass index and modernity score were computed for coastal and highland men and women separately, as there was little overlap of the distributions. 
RESULTS
Characteristics of the study population are shown in table 1. Response rates varied between 66 percent and 89 percent, with only rural highland men having a response poorer than 70 percent. Men and women in Koki were younger, more obese, more modern, less active, and more likely to have diabetes than elsewhere. While Wanigela and Kalo appeared similar for most characteristics, the prevalence of NIDDM was elevated in Wanigela. Highland subjects were leaner than were both urban and rural coastal subjects, and the prevalence of diabetes was very low. Among highlanders, the periurban subjects were in turn more obese and more modern than were the rural subjects. The waist/hip ratio did not vary significantly among men from different locations, but highland women had a higher mean waist/hip ratio than did coastal women, in contrast to the situation with general obesity. Table 2 presents total cholesterol concentrations for men and women in each location, stratified according to age group. The distribution varied significantly by location and age group but not by sex. In men from Koki, Wanigela, and Masilakaiufa, the cholesterol level increased between 25 and 54 years but decreased in the oldest group. In Gamusi/Gimisave, there was a further increase in the men aged ^55 years. Among men, the level of total cholesterol was consistently highest in Koki men and lowest in rural highlanders. Cholesterol levels in women were not markedly different from those in men and also tended to increase with age. Periurban highland women had mean levels similar to those of coastal women. Concentrations of HDL cholesterol and LDL cholesterol were examined similarly (tables 3 and 4). Women tended to have a more favorable level of these subtractions than did men with higher HDL cholesterol {p < 0.001 by multivariate analysis of variance) and lower LDL cholesterol {p = 0.002 by multivariate analysis of variance) (except in highlanders) in most comparisons, and rural subjects tended to have healthier levels than did urban or periurban subjects. The effect of location on both LDL cholesterol and HDL cholesterol was significant. In men, both HDL cholesterol and LDL cholesterol tended to increase with age, whereas in CO CD 2- women, HDL cholesterol decreased or remained relatively stable, while LDL cholesterol levels increased in the postmenopausal age groups. The age group was significantly associated only with LDL cholesterol levels. Serum triglyceride levels were generally lower in women than in men and higher in highland versus coastal people. In women, triglycerides increased with age, but in men no consistent patterns were observed (table 5) . Location, sex, and age group all contributed significantly to variations in triglyceride concentrations.
The age-standardized prevalence of hypercholesterolemia was increased in Koki relative to the other locations and was lowest in Gamusi/Gimisave, the least modern community (figure 2). By contrast, the • 0.001, sexp< 0.001.
prevalence of hypertriglyceridemia was highest in the periurban highland village, Masilakaiufa, and even in rural Gamusi/Gimisave was almost at the level found in Koki (figure 2). Figures 3-5 show the associations of body mass index, modernity, and physical activity with ageadjusted mean total cholesterol and triglyceride concentrations for coastal and highland men and women. Total cholesterol and triglycerides increased significantly across tertiles of body mass index in each subgroup. The modernity score was significantly associated with total cholesterol in coastal and highland subjects of both sexes and with triglycerides in coastal but not highland subjects. Among coastal men and women and among highland men (but not women), cholesterol was significantly lower in subjects with a high level of physical activity as compared with less active individuals. The only significant association between physical activity and triglycerides was in coastal men, where more active subjects had lower levels. A similar effect was observed in highland men, but in highland women the relation was reversed, as it was with total cholesterol. Multiple analysis of variance was performed to examine the independence of factors associated with serum lipid levels (table 6) . Results were not consistent between sexes or locations, except that physical activity was independently associated only with HDL cholesterol in highland women, and glucose intolerance was significant in coastal men and women (not tested in highlanders) for each lipid variable, except HDL cholesterol in men. Modernity had independent effects for total cholesterol and LDL cholesterol in highland men and for HDL cholesterol in coastal women. Age, body mass index, and village were the most consistent predictors of each lipid variable in both coastal and highland subjects. Independent significance of age, modernity, body mass index, waist/hip ratio, sex, 2-hour glucose, location, and physical activity was further examined for each lipid type using linear regression models (table  7) . Continuous independent variables were modeled, apart from sex, location, and physical activity. Apart from coast/highland location and physical activity, each variable was positively and significantly associated with total cholesterol. HDL cholesterol concentrations were inversely associated with body mass index, waist/hip ratio, and 2-hour glucose, and they were higher in females and coastal subjects after adjusting for all other factors. Age, modernity, body 
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Tertiles of body mass index FIGURE 3. Age-adjusted mean serum concentrations of total cholesterol and triglycerides In coastal and highland Papua New Guinean men and women by tertiles of body mass index, 1991. Separate tertiles of body mass index were calculated for each of the four groups shown.
•, coastal men; D, highland men; +, coastal women; x, highland women. mass index, and 2-hour glucose concentrations were positively and significantly associated with LDL cholesterol, while for triglycerides, all variables except modernity and sex were important.
DISCUSSION
This study shows clearly that the low serum cholesterol levels recorded previously in Melanesian Papua New Guineans no longer prevail. The prevalence of hypercholesterolemia (^5.2 mmol/liter) ranged from 16 percent in rural highlanders to 56 percent in urban coastal subjects. Rural highlanders with a relatively traditional lifestyle had the lowest levels of obesity, NIDDM, and hypercholesterolemia but high triglyceride and low HDL cholesterol levels, while the urbanized Wanigela people of the Koki settlement suffered from a high prevalence of obesity, NIDDM, and hypercholesterolemia. Sex, age, village, obesity, glucose intolerance, modernity, and physical activity all contributed to a variation in lipid levels. Multivariate analysis confirmed the independent associations of most of these variables with at least some of the lipid variables.
Upid concentrations
Wyatt et al. (11) a high prevalence of NTDDM and obesity in Koki, no differences were observed in serum cholesterol or triglyceride concentrations between urban and rural subjects, with mean cholesterol levels below 4.0 mmol/liter and triglycerides below 0.7 mmol/liter. These low levels were similar to those observed 15-25 years earlier in rural Papuans (7, 10 higher than in 1977 at 5.5 and 5.1 mmol/liter in Koki men and women, respectively, and 4.9 and 5.0 mmol/ liter in Kalo for cholesterol, with triglyceride concentrations above 0.9 mmol/liter for each subgroup. Over this 14-year period, the prevalence of NIDDM in Koki doubled while that in Kalo remained unaltered, but there was little change in the mean body mass index between surveys for either community (14) . Previous studies among highlanders have found low levels of all cardiovascular disease risk factors, with no age-associated increase (7) (8) (9) (10) 22) . Relatively elevated triglyceride levels have been attributed to the high (95 percent of energy) carbohydrate content of the sweet potato-based diet (8, 10) . In our study, the nonfasting state may have also contributed to the elevated triglyceride levels in highlanders compared with coastal subjects but, on the basis of previous observations, the effect is likely to be real and diet related. fasting cholesterol levels of 3.8 mmol/liter in men and 4.1 mmol/liter in women, with fasting triglyceride levels of 1.5 mmol/liter in both sexes (10) . Total cholesterol concentrations in highlanders in Western Papua (now Irian Jay a) in 1961 ranged from 3.4 mmol/ liter in traditional villagers to 4.0 mmol/liter in employees of government or private agencies to 4.2 mmol/liter in policemen on government rations. In women, the levels were 3.6 mmol/liter in villagers and 3.8 mmol/liter in employees (9) . Total cholesterol levels in the rural eastern highland villages of Gamusi and Gimisave appear to have increased a modest amount since these earlier surveys, although mean triglyceride levels are lower. This may be partly explained by the replacement of carbohydrate in the diet with fat and protein. In periurban highlanders of Masilakaiufa, cholesterol levels were similar to those found in the coastal subjects and clearly higher than in previous highland studies (7) (8) (9) (10) .
Studies of lipid concentrations in other Pacific island countries are consistent with observations in Papua New Guinea. Total cholesterol levels in a combined sample of urban and rural Western Samoan Polynesians increased by 10 percent between 1978 and 1991, to reach levels of 5.2 and 5.3 mmol/liter in men and women, respectively, and there were even larger increases in mean triglyceride levels to 1.2 and 1.1 mmol/liter, respectively (23) , similar to the values found in urban coastal Papua New Guinea. The Micronesian population of Nauru, known for their extreme levels of obesity and high prevalence of NIDDM, had a "Western" lipid profile when surveyed in 1987 (24) .
Earlier studies in other Pacific populations found relatively low lipid levels. Mean cholesterol levels in rural Tuvaluan (Polynesian) men and women in 1976 were 4.1 and 4.3 mmol/liter, respectively, and triglycerides in both were 0.9 mmol/liter (25) . A survey among Micronesians in Palau in 1968-1970 also found low mean serum cholesterol concentrations: 3.8-4.4 mmol/liter in men and 4.3-4.6 mmol/hter in women, with the more modem communities having higher levels (26) . In studies performed in Melanesians from Fiji and Vanuatu and in Micronesians from Kiribati, mean cholesterol levels were also higher in urban than rural subjects (27) . In the 14-19 years since these surveys were performed, it seems likely that lipid levels will have increased in most or all of these populations in association with ongoing adoption of Western foods and declining levels of physical activity.
Low serum cholesterol concentrations have also been reported for other populations living traditional lifestyles. Tarahumara Indians in Mexico on their usual high carbohydrate, low fat diet had a mean total cholesterol concentration of 3.1 mmol/liter, HDL cholesterol of 0.83 mmol/liter, and triglycerides of 1.03 mmol/liter. However, after only 5 weeks on a high fat, low fiber "affluent" diet, lipid levels had increased (4) . Similarly, the mean total cholesterol level in rural Maasai men in Kenya in the early 1970s was 4.1 mmol/liter, although their diet based on milk, blood, and meat would have been relatively high in fat. In comparison, the mean cholesterol level in their urban counterparts was 5.2 mmol/liter (5) .
Mean cholesterol levels in the urban Papuans of Koki appear similar to levels measured in European origin Australians (5.4 mmol/liter in men and 5.3 mmol/liter in women), but HDL cholesterol at 1.2 and 1.5 mmol/liter and triglycerides at 1.4 and 1.0 mmol/ liter in men and women, respectively, were higher than they were in Koki (6) . The proportion of men (16 percent) and women (14 percent) with cholesterol concentrations ^6.5 mmol/liter was not greatly higher than in Koki (15 percent in men and 8 percent in women), and the proportion with hypertriglyceridemia (>2.0 mmol/liter), 17 percent in men and 7 percent in women, was similar to the rates of 15 percent and 6 percent in Koki (6) . Ischemic heart disease is a major cause of death in Australia, responsible for 25 percent of deaths in men and 11 percent in women, for persons between the ages of 20 and 59 years (28) . Increases in coronary heart disease in Papua New Guinea could be expected on the basis of current risk factor levels.
Although methodological differences may explain some of the apparent increase in serum cholesterol concentrations observed in Papua New Guinea over recent years, the urban-rural differences now observed in coastal and highland populations indicate that changes have occurred since the earlier surveys (7) (8) (9) (10) . The high prevalence (56 percent) of cholesterol levels above 5.2 mmol/liter in Koki, along with other risk factors (i.e., obesity and NIDDM), suggests a high risk of cardiovascular disease. While low by world standards, the incidence of coronary heart disease in Papua New Guinea, especially in Port Moresby, appears to be increasing (12, 13) , and the current results for both urban Papuans and periurban highlanders suggest that atherosclerotic disease is likely to continue to increase. This follows trends observed in other developing countries (29, 30) and is consistent with the increasing prevalence of NIDDM reported by Dowse et al. (14) as Papua New Guinea undergoes an epidemiologic transition. Clearly an earlier hypothesis that Melanesians might be genetically protected from dyslipidemia (11) is no longer sustainable.
Associated factors
Obesity and abdominal fat distribution were associated with dyslipidemia in Papua New Guineans, as observed in other populations (24, (31) (32) (33) . The association of glucose intolerance with an adverse lipid profile in the multivariate models is consistent with the so-called "insulin resistance syndrome" observed in diverse populations (34) . Hyperinsulinemia has been demonstrated in the urban Wanigelas (35) .
Physical activity was not generally independently associated with lipid concentrations in this study, but at least some of its effect may have been modulated via its relation with the modernity index, obesity, and glucose/insulin metabolism (33) . Modernity was a strong independent correlate of total cholesterol and LDL cholesterol, but not of triglycerides, in Papua New Guineans, indicating the lability of cholesterol metabolism to changes in lifestyle. The modernity score is a composite of a number of indicators and is essentially a marker for other factors such as diet, physical activity (in addition to our crude index), and perhaps stress (36) . The effects of the village and location variables may also be related to similar factors (diet, activity, stress), although genetic effects, especially the effect of Austronesian admixture for differences between coastal and highland populations, cannot be ignored (37) .
In contrast to previous studies in both coastal (7, 11) and highland (7-10) Papua New Guineans, this study has shown age-related increases in total cholesterol (and LDL cholesterol) concentrations. This pattern Blood Lipids in Papua New Guinea 1141 seemingly reflects the adverse diet to which the study populations have been exposed. The decline in levels of total cholesterol and LDL cholesterol in some of the oldest men suggests a cohort effect, whereby this group retains more traditional lifestyles. In women, a similar decline in lipid levels in the oldest group may have been prevented by the adverse effects of menopause on lipid levels (38) . We have previously demonstrated a decline in modernity score with age in coastal and highland men and women (15) .
Results from the Tarahumara Indian study (4) indicate how quickly an extreme change in diet can result in increased lipid levels. Similarly, Luyken et al. (9) found that, after only 2 weeks in the hospital, Papua New Guinea highland villagers had significantly increased cholesterol levels, even though the diet in this study retained some traditional elements. Dietary interventions to reduce coronary heart disease risk factors in Hawaiians (39) and among Australian Aborigines (40) have indicated that the opposite is also true. These results indicate that, although there appears to be a lag period between modernization and the development of atherosclerosis and subsequent coronary heart disease (41), dyslipidemia can develop rapidly following dietary change. In this context, the failure of Wyatt et al. (11) to find differences in lipid levels between residents of Koki and Kalo in 1977 is difficult to understand. It seems likely that the differences in recent diet between these villages may not have been as marked as the authors believed.
A diet study in Koki (42), concurrent with this study, revealed energy intakes in excess of requirements, with higher fat intakes than recorded in previous studies in Papua New Guinea. "Modernity" was associated with greater intakes of fat, cholesterol, and energy (15) , and a higher fat intake was in turn associated with increases in lipid levels. Dietary data are not available for other villages for comparison, but the Koki data are consistent with at least some of the effect of modernity on lipids being mediated through diet. Vines (43) reported a significant association of serum cholesterol concentration with diet in Melanesians from the north coastal area of Papua New Guinea, with a mean cholesterol concentration on a traditional sago diet of 3.9 mmol/liter versus 5.0 mmol/liter in subjects on an unspecified urban diet, although other factors such as obesity were not controlled.
Data from Gamusi and Gimisave were combined in all analyses as the number of subjects in each was small, and these two villages were more similar to one another than to the other locations. However, there were small differences between the two, with subjects from Gimisave being more modern, consistent with the greater accessibility by road. The prevalence of hypercholesterolemia and the mean levels of total cholesterol and LDL cholesterol in Gimisave also tended to be elevated compared with those in Gamusi, although there was no difference in body mass index or waist/hip ratio between these groups. The mean age of men in Gimisave was older than that in Gamusi, as younger men were working in Goroka.
In summary, lipid levels in Melanesian Papua New Guineans are no longer uniformly low and, in urban areas, approach levels measured in Australians. Consistent with increasing lipid levels, coronary heart disease is emerging as a health problem. There remain clear differences in lipid levels between the least and most modernized communities but, with further changes in lifestyle, the prevalence of dyslipidemia is likely to increase in the rural communities; it appears no population is immune to the effects of modernization. Even if cholesterol levels increase no further, coronary heart disease incidence may be expected to increase as the average duration of exposure to higher serum lipid concentrations lengthens and results in the development of significant atheroma. Rapidly developing countries such as Papua New Guinea face an enormous challenge in attempting to limit the adverse health impact of modernization.
